ABSTRACT Populations of Dalbulus maidis (DeLong and Wolcott) from the northeastern and central-southern regions of Brazil differ morphologically, suggesting that they could be genetically isolated. Here we used the random ampliÞed polymorphic DNA (RAPD)-polymerase chain reaction (PCR) technique to estimate genetic structuring of this leafhopper species among Þve geographically distant localities across those regions and to estimate gene ßow between populations. Ten specimens were sampled per population and genotyped with RAPD markers generated from ampliÞcation with nine oligonucleotides. The percentage of polymorphic loci was 78% in relation to the total number of ampliÞed loci, and genetic similarity either between or within populations was higher than 0.72. Cluster analysis grouped specimens from the northeastern population (Mossoró /RN) into a single group, whereas central-southern specimens were not grouped in relation to their places of origin. Overall, the genetic subdivision index (Fst) was low (Յ0.113), whereas the gene ßow estimate (Nm) was high (up to 8.53) between populations, except between the Mossoró /RN population and those of the central-southern region (Fst Ն 0.192 and Nm Յ 1.05). The relatively high rates of gene ßow between central-southern populations suggest the occurrence of migration within that region, whereas the Mossoró /RN population seems to be genetically isolated.
important pest of maize (Zea mays L.) in Brazil in the last 15 yr. This insect, which probably originated in Mexico, has a wide distribution in the tropical and subtropical Americas (Nault 1990 ). It appears in recently germinated maize Þelds, feeding on plants and transmitting two corn-stunting prokaryotes, maize bushy stunt phytoplasma, and the corn stunt spiroplasma (Spiroplasma kunkelii), in addition to the Maize rayado Þno virus. In Brazil, the losses caused by this vector have been greater in the central-southern region, especially in late-summer (JanuaryÐApril) plantings, known as "safrinha" (or second season) (Oliveira et al. 2002c ) and in irrigated winter plantings, which became common in the 1990s. Incidence of corn stunt and resulting losses differ by region (J.R.S.L., unpublished data), possibly because of differences in pathogen inoculum, maize hybrids, planting seasons, and perhaps, leafhopper populations.
A recent study showed signiÞcant morphological differences between D. maidis populations collected in the northeastern and central-southern regions of Brazil (Oliveira et al. 2004) ; specimens from the northeastern populations were smaller, weighed less, and had less exoskeleton pigmentation. Morphological differences for this species were originally recorded under laboratory conditions by Larsen and Nault (1994) . Laboratory studies have shown that environmental factors (e.g., temperature, daylength, and host plant age) contribute toward differences in size, weight, and pigmentation in adults of other leafhopper species, such as Empoasca fabae (Harris) (Simonet and Pienkowski 1980) and Graminella nigrifrons (Forbes) (Larsen et al. 1990 ). These factors can vary considerably from one geographic region to another and seem to explain the morphological differences observed between leafhopper populations (Oliveira et al. 2004 ). In addition to environmental factors, morphological polymorphism also can have a genetic origin. The genetic structure of each population is under the inßuence of evolutionary forces such as mutation, migration, selection, and genetic drift (Hamrick 1982) , which over time may generate phenotypic differentiation between geographically separate populations.
The random ampliÞed polymorphic DNA (RAPD) technique (Welsh and McClelland 1990, Williams et al. 1990 ) has proved very useful in studies of the genetic structure of populations, allowing the detection of a large number of DNA polymorphisms, without the need for speciÞc knowledge of the templateÐ DNA nucleotide sequence (Williams et al. 1990 ). The RAPD-PCR technique is simple and requires only a small amount of biological material (Chan et al. 1999) , which is highly advantageous when working with small organisms, as is the case with many insects (Loxdale et al. 1996) . This technique has been widely used in insect population studies (Puterka et al. 1993 , Skinner and Camacho 1995 , Infante-Malachias et al. 1999 , Lin et al. 1999 , Lima et al. 2002 , Silva et al. 2004 , Sosa-Gomez et al. 2004 ). For D. maidis, genetic marker studies carried out thus far have been restricted to those involving isozymes and mitochondrial DNA, mainly seeking phylogenetic information (Triplehorn et al. 1990 , Dietrich et al. 1998 .
In this work, we standardized the RAPD-PCR technique for studies with D. maidis. We evaluated the genetic structure of populations collected from distant localities in two regions of Brazil (central-southern and northeastern), as well as gene ßow intensity between them, as a basis for understanding morphological variation and the possibility of migration for this leafhopper species.
Materials and Methods

Dalbulus maidis Collection and Identification.
Dalbulus maidis individuals were collected at Þve localities from two regions in Brazil: Chapecó /SC, Bom Jardim da Serra/SC, Anastácio/MS, and Piracicaba/ SP, in the central-southern region, and Mossoró /RN, representing the northeast (Table 1 ; Fig. 1 ). These localities were selected to represent distinct geographic characteristics (latitude and elevation) and maize cropping systems (seasonal or continuous).
In each locality, leafhopper adults were collected with a mouth aspirator from maize whorls in young plantings within 10 Ð30 d after germination. They were transported alive to the laboratory, where they were frozen and stored at Ϫ20ЊC until DNA extraction. The Mossoró /RN population was an exception: the specimens were stored in 70% ethanol during transport to the laboratory, which took 5 d. After a prewash in distilled water for 5 min and in TE (10 mM Tris and 1 mM EDTA; pH 8.0) for 1.5 h under agitation, they were stored at Ϫ20ЊC. A previous study showed that D. maidis can be preserved in 70% ethanol for up to 60 d, without affecting DNA quantity or quality for RAPD-PCR analyses (Oliveira et al. 2002a ). Ten D. maidis specimens per population were selected at random for use in the RAPD-PCR assays. Taxonomic identiÞcation of D. maidis was conÞrmed by analyzing 10 specimens per population with respect to morphology of the male genitalia and of the seventh abdominal sternite of females, according to Triplehorn and Nault (1985) .
DNA Extraction and Amplification Through RAPD-PCR. The specimens of each of the Þve populations were individually submitted to total genomic DNA extraction and ampliÞcation conditions according to Oliveira et al. (2002a) . Twenty-four oligonucleotides were initially tested to select those that provided robust and reproducible ampliÞcation ( Table 2) . In the end, nine oligonucleotides were used in the study. A sample containing all reagents for the RAPD-PCR reaction, except DNA, was used as a negative control. The DNA was replaced with the same volume of water. To determine the optimal conditions for D. maidis DNA ampliÞcation through RAPD-PCR, tests were performed by varying the following components of the reaction: (1) quantity of template DNA, ranging from 3 to 21 ng, in 3-ng increments; (2) for each specimen and each oligonucleotide. The ampliÞcation reaction proposed by Fungaro et al. (1996) was used as a basis for the optimization process; each reagent gradient was tested maintaining all other reaction components in the same concentrations described by those authors (20 Ð25 ng template DNA; 3 mM MgCl 2 ; 0.4 M primer, 250 M dNTPs, and 1 U TaqDNA polimerase). Data Analysis. Based on photographs of the gels, only the more visible and reproducible fragments, i.e., those present in all three replications, were used as markers (Roderick 1996) . A binary matrix was generated from the fragment readings on the gels (1, presence of band; 0, absence of band), which was used with the NTSYS-pc (version 2.02k) software program (Exeter Software, Setauket, NY) (Rohlf 2000) to build a similarity matrix using JaccardÕs index (J) (Sneath and Sokal 1973) . Based on this matrix, a cluster analysis through unweighted pair-group method with arithmetic average (unweighted pair group method of arithmetic means) was run using the NTSYS-pc software. Grouping stability was estimated by bootstrap analysis with 1,000 replications, using Genes software (Cruz 2001) . Arlequin version 3.01 software (ExcofÞer et al. 2005 ) was used to calculate F ST and Nm indices, which represent the degree of genetic subdivision and gene ßow between populations, respectively. The gene ßow value Nm known as "apparent gene ßow" assumes a population genetic structure described by WrightÕs island model (Wright 1951) and was calculated by the formula
Dalbulus maidis voucher specimens were deposited in the Entomology Museum of the Escola Superior de Agricultura "Luiz de Queiroz"/University of São Paulo, Brazil.
Results
Optimum PCR Conditions for DNA Amplification.
Easily visualized and reproducible fragments were obtained at all D. maidis DNA concentrations tested (data not shown). In this study, an amount of 6 ng per reaction was established as a standard in all assays. Marginal ampliÞcations were obtained at MgCl 2 concentrations Ͻ3 mM, and the best ampliÞcation conditions were obtained at 4 mM. The best dNTP concentration was 250 M; above this value, the number of fragments decreased, and no ampliÞcation was obtained at 400 M. For the oligonucleotide, concentrations Ͼ0.30 M proved satisfactory, and this was adopted as a working concentration. With regard to the TaqDNA polymerase enzyme, ampliÞcations were adequate in all concentrations tested, and the concentration of 1 U was selected for the tests (data not shown).
Selection of Oligonucleotides for RAPD-PCR. All 24 oligonucleotides tested (Table 2 ) resulted in D. maidis DNA fragment ampliÞcations. Of these, nine were selected for the population study because they showed a high number of distinguishable and reproducible ampliÞcation products, and each oligonucleotide produced a single RAPD-PCR proÞle. High reproducibility was observed, without substantial differences in the generated proÞles, except for some high-molecular-weight fragments that varied from one reaction to the next. However, these were not considered in this study. Many fragments were consistently ampliÞed, with molecular masses estimated between 200 and 2,600 bp (Fig. 2) . Fragments speciÞc to a given population were not found in any of the D. maidis populations. No leafhoppers with identical RAPD proÞles were observed.
Genetic Analyses of D. maidis Populations. Genetic analyses were performed for 152 fragments, of which 118 were polymorphic (78%). The similarity index between individuals ranged from 0.597 (between the Ana6 ϫ Pir10 specimens) to 0.886 (between the Mos2 ϫ Mos6 specimens; data not shown). Among individuals within populations, this index ranged between 0.745 (Anastácio/MS) and 0.806 (Mossoró , RN), and among populations, it ranged from 0.729 (Anastácio/MS ϫ Mossoró /RN) to 0.754 (Chapecó / SC ϫ Bom Jardim da Serra/SC; Table 3 ).
The unweighted pair-group method with arithmetic average cluster analysis clearly grouped specimens collected in Mossoró /RN into a single group (Fig. 3) , whereas in the other populations, the individuals formed heterogeneous groups relative to the collection localities.
The genetic subdivision between populations, estimated through the F ST index, was smaller and the estimated gene ßow (Nm) was higher among the Chapecó /SC, Bom Jardim da Serra/SC, Anastácio/ MS, and Piracicaba/SP populations, with Fst and Nm values ranging from 0.028 (2.8%) to 0.113 (11.3%) and from 1.97 to 8.53 for these two indices, respectively (Table 3) . These values ranged from 0.195 (19.5%) to 0.218 (21.8%) for Fst and from 0.90 to 1.05 for Nm between the Mossoró /RN population and the other populations.
Discussion
The RAPD-PCR technique proved quite useful for studies of D. maidis populations, providing genetic information in a fast and effective way. Even though this technique represents an important tool for studying the genetic structure of insect populations, several factors can affect its accuracy Lushai 1998, Infante-Malachias et al. 1999) . Because the inßuence of reagent concentrations on DNA ampliÞcation is variable depending on the organism, the optimization of these should be the Þrst step in the study of a given insect by RAPD-PCR, in addition to the selection of adequate oligonucleotides to be used (Loxdale et al. 1996) . For D. maidis, different template DNA concentrations did not inßuence the quantity and intensity of ampliÞed loci, as similarly reported by Hodge et al. (1995) and Koller et al. (1993) for other organisms. This might be related to the narrow amplitude of DNA concentrations tested (3Ð21 ng). Using a wider range of DNA concentrations, InfanteMalachias et al. (1999) observed a decrease in the intensity of bands at concentrations Ͼ40 ng and nonreproducible patterns Ͻ0.2 ng for the ßy Cochliomyia hominivorax (Coquerel). Variable TaqDNA polymerase concentrations also did not affect D. maidis DNA fragment ampliÞcation in this study. However, we found that concentrations of dNTPs and oligonucleotides inßuenced the number of ampliÞed loci and that MgCl 2 concentration affected RAPD-PCR quality, as observed by Infante-Malachias et al. (1999) .
The results may explain at least in part the morphological variations between populations, and they support a migratory hypothesis for this species. Morphological differences between populations of the same species along gradients of latitude or elevation have been reported for various groups of insects (Cushman et al. 1993 , Hawkins and Lawton 1995 , Smith et al. 2000 and are generally associated with environmental conditions, such as temperature, humidity, or photoperiod (Harrison 1980 , Tauber et al. 1986 ). Oliveira et al. (2004) recorded signiÞcant differences in size and pigmentation of D. maidis populations from different latitudes in Brazil. Leafhopper specimens collected in warm northeastern localities were smaller, lighter, and less pigmented than those from central-southern localities, where winter is colder and thermal amplitude is higher.
In this study, we provide evidence that the morphological differences within D. maidis are associated with genetic differentiation and therefore may be related to a genetic component in addition to environmental factors. Despite the great genetic similarity Fig. 3 . Unweighted pair-group method with arithmetic average dendrogram based on JaccardÕs similarity coefÞcient (J), generated from RAPD-PCR markers of 10 D. maidis specimens from each of Þve populations sampled at the localities of Chapecó /SC, Bom Jardim da Serra/SC, Anastácio/MS, Piracicaba/SP and Mossoró /RN. Values on the arms of the dendrogram indicate percentage of times that the specimens showed the same clustering in 1,000 replications of the bootstrap analyses, using Genes software. The scale indicates the estimated genetic similarity among individuals based on JaccardÕs coefÞcient. For population identiÞcation codes, see Table 1. observed between and within D. maidis populations in Brazil, the cluster analysis grouped specimens from the northeastern locality (Mossoró /RN) into a single cluster, whereas specimens from other populations were not clustered according to their places of origin. Furthermore, the mean similarity value within the Mossoró /RN population was the highest (0.81). The grouping of individuals from the northeast into a cluster independent of other populations from the centralsouthern region is congruent with the morphological differences between populations from these regions observed by Oliveira et al. (2004) .
The lack of grouping of individuals from centralsouthern populations according to collection locality suggests that there is gene exchange between these populations, possibly mediated by long-range migration through wind currents. D. maidis is a maize specialist (Nault 1990 ), but maize is not cropped continuously in most localities studied in the centralsouthern region (Table 1) . Thus, migration may be necessary to sustain D. maidis populations during the off-season. Oliveira et al. (2002b) detected the presence of D. maidis adults carrying the corn stunt spiroplasma soon after maize germination in experimental plots established within pasture areas in Anastácio/ MS. The pastures were distantly located from other corn-producing regions, and no maize had been grown in those areas for at least 10 yr before the experiment, indicating the absence of local S. kunkelii inoculum and suggesting that the infective leafhoppers were migrants. Migration is thought to be an important strategy of D. maidis to escape unfavorable winter or off-season conditions in North America (Taylor et al. 1993) . Based on isozymes, Triplehorn et al. (1990) found greater genetic similarity between a D. maidis population, near the City of Mexico and another farther south in Mexico, than between other populations studied. They suggested that their similarity was because of a possible migratory pathway for this leafhopper during the maize off-season in that country. A geographic barrier, absence of speciÞc wind currents, or simply the great distance between the northeastern and central-southern regions of Brazil may limit migrant exchange, which could lead to genetic differentiation between these populations.
The percentage of polymorphic loci in relation to the total number of ampliÞed loci was 78% in Brazilian populations, which reßects the high genetic variability that exists within D. maidis. The mode of reproduction has an inßuence on the genetic structure of insect populations (Puterka et al. 1993 ). In the leafhopper E. fabae, where sexual reproduction occurs, the percentage of polymorphic loci in RAPD-PCR marker studies was 88% (Skinner and Camacho 1995) . In contrast, parthenogenetic populations of the aphid Daktulosphaira vitifoliae (Fitch) showed only 14.5% polymorphic loci (Lin et al. 1999) . Sexual reproduction (Barnes 1954) with random mating in D. maidis seems to be one of the factors responsible for maintaining the high genetic variability found in this species.
The Fst index provides an estimate of the degree of genetic subdivision between populations, whereas Nm is an estimate of the number of migrating individuals per generation. Thus, when the Nm value is equal to 1, it means that one migrant per generation is exchanged between populations. When Nm Ն 1, the effects of gene ßow are sufÞcient to oppose those of genetic drift, which limits genetic divergence between populations (Wright 1951) . In general, low Fst values were obtained among D. maidis populations studied in the central-southern region, indicating a low degree of genetic subdivision, whereas the Nm values were well above 1, which reinforces the hypothesis that gene ßow between corn leafhopper populations mediated by long-range migration is high, helping to homogenize genetic proÞles.
In contrast, when we calculated the degree of genetic subdivision and gene ßow between the Mossoró /RN population and those from central-southern localities, Fst values were Ͼ0.195 (19.5%), indicating a moderate degree of genetic subdivision. The Nm values were very close to 1 (a little below in some cases), suggesting that gene ßow between northeastern and centralsouthern populations is restricted and could be contributing toward the genetic divergence between these populations. This divergence, in turn, may be reßected in morphological variation, like that already reported for this vector (Oliveira et al. 2004) .
It should be pointed out, however, that the limited number of populations sampled (only one in the northeast) does not allow a robust analysis of the above hypothesis. More comprehensive genetic studies involving a larger number of populations from the northeastern region of Brazil are required to show that they are in fact isolated from central-southern ones, as well as to investigate the possible causes for this isolation. Although D. maidis has been recorded in several Brazilian states (Oliveira et al. 2004) , it cannot be assumed that it occurs throughout the northeast and central-south regions based on the information available thus far. However, maize is widely cultivated in Brazil, and there is overlap of crop cycles during the year in several regions. Therefore, the hypothesis of a continuous distribution of D. maidis across the country seems more likely than that of geographical disjunction between populations of this species.
